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CHAPTER 1
INTRODUCTION

The purpose of this study is to locate and identify the distribution of two amino
acid neurotransmitters, gamma-aminobutyric acid (GABA) and glutamate, in the
electrosensory central nervous system of the channel catfish, Ictalurus punctatus. These
neurotransmitters may play important roles in the neural processing of information in the
electrosensory system.
Catfish have been known since 1917 to possess the ability to detect electrical fields
occurring naturally in the environment and from living organisms. However, attempts
to more fully understand this "sixth sense" have only recently been undertaken (for a
review of electroreception, see Bullock and Heilegenberg, 1986). Ampullary pit organs
are the receptor organs for the electrosense in catfish and are located over the entire body
surface (Lissman, 1958). Ampullary organs detect weak, low-frequency dipole electric
fields on the order of 0.5 nA/cm at 1 micro Volt/cm (Kalmijn, 1974).
The central anatomy of the electrosensory system has been studied in some detail
(for previous studies see Finger, 1986 and Striedter, 1991). Afferent lateral line nerve
fibers innervate the ampullary electroreceptors and mechanoreceptive neuromasts of the
lateral line system. Electrosensory afferents terminate in the electrosensory lateral line
lobe (ELL) of the medulla and in the posterior portion of the lateral eminentia granularis
(EGlp) of the cerebellum. The primary fibers terminate in a central plexiform layer of
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the ELL where they make direct synaptic connections to the principal output cells of the
ELL, the crest cells. These primary fibers also make indirect connections to the crest
cells via inhibitory intemeurons. A superficial molecular layer of the ELL is formed by
descending parallel fibers arising from granule cells of the cerebellar EGlp and fibers
from the isthmic nucleus praeminentialis (nPr). The nPr and EGlp are involved in
feedback and feedforward loops onto the ELL and may serve as the anatomical substrate
for a mechanism that modulates information ascending to the midbrain.
Recent physiological studies have shown that the magnitude of the ELL's output
recorded in the midbrain can be reduced or inhibited by electrical stimulation of the nPr
in catfish (Scoma and New, 1993). However, it is likely that the descending pathway
may exert a complex combination of excitatory and inhibitory influences upon ascending
information.

It is possible that GABA- and glutamatergic synapses mediate these

modulations of ascending sensory information.
The transmission of information across a synapse is made possible by chemical
neurotransmitters.

In order to fully understand the functions of the brainstem

electrosensory lateral line system, it is important to know which transmitters are
responsible for excitatory and inhibitory interactions in the nuclei involved in this
hypothesized feedback loop. There are numerous neurotransmitters responsible for both
inhibition and excitation throughout the vertebrate nervous system. Gamma-aminobutyric
acid (GABA) and glutamate are two amino acid transmitters distributed throughout the
central nervous system of vertebrates, and play major neural processing roles in
vertebrate and invertebrate sensory systems, including electrosensory systems in other
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fish taxa (Bastian, 1993; Maler and Mugnaini, 1994). GABA, a putative inhibitory
neurotransmitter, is responsible for producing hyperpolarizing inhibitory postsynaptic
potentials (IPSPs), whereas glutamate, a putative excitatory neurotransmitter, produces
depolarizing, excitatory postsynaptic potentials (EPSPs).
The purpose of this study is to examine the distribution of GABA- and glutamatecontaining neurons in the electrosensory nuclei of the channel catfish, Ictalurus

punctatus. The goal is to better understand the interactions between excitatory and
inhibitory synaptic functions underlying neural computation in this vertebrate sensory
system. Previous studies have shown that GABA may play an important role in intrinsic,
commissural and feedback circuits of the ELL in gymnotiform fishes (Maler and
Mugnaini, 1994).

I am particularly interested in the role played by these

neurotransmitters in the feedback loops between the midbrain and hindbrain, and have
limited the scope of this study to the distribution of GABA- and glutamate-containing
neurons in the electrosensory and mechanosensory nuclei of the hindbrain, midbrain, and
parts of the caudal forebrain of catfish.

Electroreception
Animals generally organize their behavior with respect to physical stimuli acquired
from their surrounding environment. Fish detect and respond to underwater light, odors,
tastes, sounds, gravity, and water currents. In addition, some taxa respond to other
stimuli including weak electrical voltage gradients and magnetic fields.
Electroreception is the detection of weak electric fields occurring in the underwater
environment. There are several uses for electroreception, including active and passive
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electro-orientation, and active and passive electro-location (Kalmijn, 1982).
Active electro-orientation, as descnbed by Kalmijn (1982), occurs when an
organism senses an electric field that is produced as the animal swims through the earth's
magnetic field. This offers the fish magnetic compass information, since the electric
field produced will depend on the orientation of the animal's swimming direction relative
to magnetic field lines.
Active electro-location occurs in fishes having specialized electric organs that
produce behaviorally relevant signals for object detection or social communication.
These animals, such as gymnotiform and mormyriform fishes, and the skate, have
electroreceptors specifically adapted to detect either distortions in self-generated electric
fields (Kalmijn, 1982; Bullock and Heilegenberg, 1986) due to the presence of obstacles,
or electric signals generated by nearby conspecifics.
Passive electro-orientation can occur by detecting the electric fields induced by
ocean currents flowing through the earth's magnetic field. This may help some fish
compensate for drift while navigating, following the currents, or orienting themselves in
familiar territory. This use of electroreception may be important in determining aspects
of migratory behavior and spatial orientation in some fishes (e.g., elasmobranchs)
(Kalmijn, 1982).
Passive electro-location also includes the detection and location of bioelectric fields
emanating from animals and from many freshwater higher plants (Peters and
Bretschneider, 1972; Roth, 1972). Lissman (1958) and Kalmijn (1974) suggested that
this use was a probable initial step in the evolution of active electrolocation. Since the
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discovery of the passive electric sense in catfishes by Parker and van Heusen (1917),
many researchers have suggested possible uses for an electric sense in fishes that do not
have an electric organ (Finger, 1986). The primary use of the electric sense for the
catfish, Ictalurus punctatus, is thought to be the detection and location of otherwise
hidden prey (Kalmijn 1974).

Electroreceptors
An electrosensory system is a primitive vertebrate character that has been lost and
re-evolved, perhaps several times in teleost fishes (McCormick, 1982). The primitive
electrosensory system was probably present in the common ancestor of petromyzonid
agnathans and in jawed anamniotes and appeared during Silurian or Devonian times
(Northcutt, 1992).
The majority of nonteleost fishes have ampullary organs, (the ampullae of
Lorenzini of elasmobranchs) first described by Lorenzini in 1678 (Zakon, 1988). The
ampullary receptor organs of elasmobranchs are a part of the octavolateralis system, the
receptor cells of which are characterized by a placodal ontogenetic origin, and are
innervated by either the eighth cranial or lateral line nerves (Northcutt and Davis, 1983).
Electrophysiological investigations have shown that the ampullae of Lorenzini of
elasmobranchs are sensitive to slight changes in temperature, weak mechanical stimuli,
and slight changes in salinity, as well as to electric fields (Murray, 1960). However,
neither mechanical nor thermal stimuli have been convincingly demonstrated as
behaviorally significant stimuli for these receptors.
Lampreys (Petromyzontidae), cartilaginous fishes (elasmobranchii), the coelacanth
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(crossopterigii), and lungfish (dipnoi) possess this primitive electrosense. Urodele and
apodan amphibians posses an electrosense which is homologous to the non-teleostean or
primitive system (Munz, Claas, and Fritzsch, 1982).
The primitive electrosense is also present among the actinopterigian fishes such as
the bichirs (Brachiopterygii), paddlefish and sturgeon (Chondrosteii), but absent in the
gars and bowfin (Holosteii) and most teleost taxa (Bullock et al., 1982, 1983).
Electroreception was thus lost with the advent of holostean fishes (gars and bowfin). The
vast majority of teleost fishes evolved from the Holosteii and also lack an electrosense.
In each of two distantly related groups of teleosts, the ostariophysans and the
osteoglossomorphs, some families have re-evolved electrosensory systems (McCormick
and Braford 1988). In both cases, electroreception is believed to have evolved as a
specialization of the mechanoreceptive lateral line system, thus presenting a case of
parallel homoplasy.
electroreception.

Of about 33 orders of teleosts, only four are known to have

They are the gymnotiforms (South American electric fishes), the

mormyriforms (African electric fishes), the xenomystids, and the siluriforms.
Comparative studies by Lauder and Liem (1983) have indicated that siluriforms are
monophyletic with the gymnotiforms.
Ostariophysi.

These two taxa belong to the superorder

The mormyriforms and xenomystids belong to the superorder

Osteoglossomorpha which shares no electroreceptive ancestor with the ostariophysians
(Bullock, Northcutt, Bodznick, 1983). Thus, it would appear that an electroreceptive
modality has been re-evolved at least twice within the teleosts, once or twice within the
Ostariophysi and once again in the immediate ancestors of the mormyriforms.
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Gymnotiforms possess both ampullary organs sensitive to low frequency electric
stimuli ( < 20 Hz) and tuberous organs that are most sensitive to high frequency stimuli
(250-600 Hz) (Bullock, 1982). Mormyriforms, like the gymnotiforms, have ampullarylike receptors (knollenorgans) as well as a system of specialized, tuberous-like
electroreceptors (mormyromasts) adapted for the detection of high-frequency electric
fields produced by their own electric organs. These electrosensory systems detect and
process small differences in the local spatial intensity pattern caused by field distortion
due to nearby objects having different conductivity than water, and modulations in
frequency and temporal pattern associated with social communication via the electric
organs (Bullock, 1982).
The siluriforms (catfish), possess only low-frequency sensitive ampullary organs
that are probably homologous to those of the gymnotiforms (Bullock et al., 1982;
McCormick, 1982).

Most catfish have these ampullary electroreceptors distributed

across their entire external surface with the exception of the barbels. There are higher
densities of receptors on the dorsum of the head and on the tail (Peters et al., 1974).
This widespread distribution of receptors is useful in allowing the fish to resolve the
vertical and horizontal components of the electric field.

According to Peters et al.

(1972), the density of ampullary receptors is low in areas where the catfish's own electric
field is the greatest, especially around the opercular opening, mouth, and anus.
In addition, two mammals, the duck-billed platypus (Proske et al., 1993) and the
echidna (Gregory et al., 1993), also have electroreceptors and posses an electrosense.
A study by Gould et al., (1993) showed that the star-nosed mole is another mammal that
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may possibly possess this electrosense. Thus, electroreception has evolved independently
again in several amniotic species.
Neuroanatomy of Octaval and Electrosensory Systems
The octavolateralis system of catfish includes nuclei at hindbrain, midbrain, and
forebrain levels serving four major sensory modalities: the auditory, vestibular,
mechanosensory lateral line, and the electrosensory lateral line systems. All teleosts have
a mechanosensory lateral line system and some teleosts, such as siluriforms,
xenomystids, mormyriforms and gymnotiforms, have re-evolved the ability to detect
weak electric fields via the electrosensory lateral line system. In the four groups of
electroreceptive teleosts, each class of lateral line receptor projects to discrete nuclei
within the lateral alar plate of the medulla (Tong and Finger, 1983; McCormick and
Braford, 1988). In electroreceptive teleosts, two principal lateral line areas exist: the
medial octavolateralis nucleus (MON) in which mechanoreceptive fibers terminate, and
the electrosensory lateral line lobe (ELL) which receives afferent electrosensory fibers
(Maler et al., 1974).
The anterior, middle and posterior lateral line nerves (ALLN, MLLN and PLLN)
of the catfish are mixed, carrying both electroreceptive and mechanoreceptive afferents
as well as mechanosensory efferents.

The posterior and middle lateral line nerves

innervate electroreceptors and mechanoreceptors caudal to the cranium and enters the
brain in association with the vagal roots (Finger, 1976). The fibers then run rostrally
along the lateral margin where the MON-ELL complex has its caudal boundary.
Throughout the entire length of the MON, mechanoreceptive fibers leave the-posterior
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lateral line nerve root and turn dorsomedially to terminate in the MON (Tong and
Finger, 1983). Other, presumably electroreceptive, fibers leave the PLLN and terminate
in the intermediate layer of the adjacent ELL.
At the rostral ELL, the PLLN divides into two portions: a lateral division
(electrosensory), and a medial division (mechanosensory). The medial division of the
PLLN continues rostrally into the anterior segment of the lateral division of the eminentia
granularis (EGla); the lateral division of the PLLN continues rostrally and terminates
as mossy fibers in the posterior segment of the lateral division (EGlp) (Finger and Tong
1984).
The ALLN enters the brainstem in association with the trigeminal and facial nerve
roots (Finger, 1976). Some fibers of the ALLN terminate in the intermediate layer of
the ELL (New and Singh, 1993), and others in the MON. Once the ALLN enters the
brain it immediately splits into two parts, a medial and lateral division. Similar to the
PLLN, the medial portion of the ALLN is associated with MON and is
mechanoreceptive, while the lateral portion is associated with the ELL and is
electrosensory. The lateral portion of the ALLN terminates in the medial portion of the
anterior end of the ELL near the entrance of the nerve root. Some of the ALLN fibers
turn medially from the descending root and terminate in the caudal portion of the MON.
Other descending fibers turn dorsally and terminate in the deep layer of the medial ELL.
A very small number of the fibers descend caudally past the MON and end in a small
nucleus near the lateral side of the medulla at the level of the vagal lobe. This is called
the nucleus caudalis of the lateral line column (McCormick, 1981).
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The ascending ALLN fibers also terminate in the lateral segment of the EG as do
the lateral fibers of the PLLN. However, the ALLN fibers end in the medial half of the
lateral segment and the PLLN fibers are only located in the lateral half of the lateral
segment (Tong and Finger, 1983).
Thus, both the ALLN and the PLLN project to the ELL. At this level there is
evidence for some degree of somatotopy, with the head being represented rostrally and
the body being represented caudally within the ELL (Tong and Finger, 1983). There is
also a dorso-ventral somatotopy of afferents from the various ALLN branches. This
somatotopy in the ELL is a reversed or "mirror" image of that in the mechanosensory
nucleus (New and Singh, 1994). There seems to be this same type of somatotopy within
the EG since the PLLN fibers representing the body terminate in the lateral-most portion
of the EG while the ALLN fibers representing the head terminate medially in the same
segment (New and Singh, 1994).
The ELL in ictalurid catfish is divided into four discrete layers. They are: 1) the
molecular layer, 2) the crest cell layer, 3) the intermediate layer and 4) the round cell
layer. The molecular layer is continuous with the molecular layer of the caudal lobe of
the cerebellum. The fibers in the upper part of the molecular layer originate from the
cells of the EG. The lower portion of the molecular layer contains fibers which originate
from a subnucleus of the nPr. These projections are bilateral (Tong and Finger 1983;
Rayborn and New, 1994). The crest cell layer is made up oflarge neurons, termed crest
cells, that have extensively branched apical dendrites extending into the molecular layer.
All of these crest cells are believed to have basilar dendrites, but some have a basilar
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process that extends deep into the intermediate layer. There is evidence that these crest
cells with deep basilar dendrites are in direct receipt of primary electrosensory afferent
input (Finger, 1986). These cells are equivalent to the type II crest cells described by
Mccreery (1977). It is possible that the type I crest cells have no large basilar processes
and receive disynaptic connections from primary afferents via an inhibitory intemeuron.
The intermediate layer of the ELL is complex and contains a variety of fiber and
cell types. In this layer there are small granule neurons, large neurons that project to
lobus caudalis, terminals from round cells from the contralateral ELL, basilar dendrites
of crest cells, and primary electroreceptor afferents. The round cell layer contains large
neurons with dendrites extending upward into the lower portion of the intermediate layer
and projecting to the contralateral ELL (Finger, 1986).
Crest cell axons form an ascending fiber system, the lateral lemniscus, which
ascends bilaterally through the medulla and terminates within the lateral nucleus of the
midbrain's lateral torus semicircularis (Fig. 1). Collaterals from this system terminate
in a metencephalic nucleus, the nucleus praeeminentialis (nPr). This separate lemniscal
system continues rostrally from the midbrain and reaches a diencephalic nucleus, the
nucleus electrosensorius (Carr et al., 1981). The lateral preglomerular nucleus (Pgl)
receives input from nucleus electrosensorius and then projects to two telencephalic nuclei,
the dorsal and laterodorsal nuclei of area dorsalis (Streidter, 1991).

Midbrain and Possible Feedback Mechanisms
Sensory processing systems usually employ extensive networks of descending or
feedback connections that are thought to control or modulate the response characteristics
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of neurons in their target areas. Descending control can play crucial roles and give
considerable flexibility to a sensory system in processing information. For example,
control of sensitivity or gain of the system, control of receptive field size, and
modulations of dynamic features of neuronal response can be altered by descending
control (Bastian and Bratton, 1990). According to Finger (1986), there are a number of
interconnections present between the cerebellum and the ELL.

Granule cells of the

octavolateral area of the cerebellum provide much of the parallel fiber input to the ELL.
Neurons of the ELL and nPr also project to the octavolateral lobe of the cerebellum.
The nPr provides direct feedback to the ELL. Large ELL crest cells project to the TS
and nPr and receive electrosensory feedback from an indirect pathway from the TS (Fig.
1). Studies by Knudsen (1978) show that there is a somatotopic relationship of unit
receptive fields in the TS, with anterior body areas represented rostrally and posterior
body areas represented caudally.
Recent studies by Rayborn and New (1994), give evidence for a connection from
the nPr to the EGlp, thus possibly completing direct and indirect feedback mechanisms
involving the ELL, TS, nPr, and EGlp. The dorsal subnucleus of nPr (nPrd) is an
electrosensory processing area that is primarily involved in the feedback or descending
control of the first-order electrosensory nucleus, the ELL. The nPrd receives afferents
from the ELL and a number of brainstem nuclei. In gymnotiforms and siluriforms,
neurons in the nPrd projects to the ELL and to the cerebellar granule cells in the BG
posterior (EGlp) (Bratton and Bastian, 1990b; He and New, unpublished data).
Ascending electrosensory information from the crest cells is passed on to the
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midbrain's TS and nPr. Some neurons of the nPr project back directly to the ELL while
others project indirectly to the ELL via the EG. Studies by Scoma and New (1994) show
that stimulation of nPr causes inhibition of ascending information from the ELL to the
TS.

Amino Acid Neurotransmitters and Descending Control
Gamma aminobutyric acid (GABA) and glutamate are inhibitory and excitatory
neurotransmitters respectively, and both can be found throughout most vertebrate nervous
systems.

Both GABA and glutamate have been implicated in shaping temporal and

spatial response properties of neurons in octavolateralis and electrosensory systems
(Bastian, 1993; Maler and Mugnaini, 1994).
GABA is an amino acid synthesized from glutamate in a one-way reaction, by the
enzyme glutamic acid decarboxylase (GAD). GABA acts on postsynaptic receptors that
are linked closely to ion channels.

Ionic flow across the membrane through these

channels can cause the membrane potential to hyperpolarize. There are two types of
receptors which bind GABA: GABA A and GABA B receptors. GABA A receptors are
linked directly to chloride channels and GABA B receptors are linked via a G protein to
potassium and calcium channels. Type B receptors are present also in some presynaptic
terminals where they appear to modulate transmission by parallel fibers in the cerebellum
and dorsal root fibers in the spinal cord (Shepherd, 1988)
Glutamic acid or glutamate is synthesized from glutamine in the pre-synaptic
terminal and acts on postsynaptic receptors that appear to be linked directly to
conductance channels that depolarize the membrane and lead to excitation. There are two
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groups of glutamate receptors. The first receptor binds the compounds quisqualate and
kainate and activates multiple conductance states permitting sodium and potassium to flow
through the channels and depolarize the membrane. The second receptor binds n-methylD-aspartate (NMDA) and is linked to a larger conductance state which permits calcium
influx (Shepherd, 1988).
Recently, Maler and Mugnaini (1994) have attempted to map the distribution of
these and other neurotransmitters in the CNS of weakly electric fish. Although GABA
is usually an inhibitory transmitter and glutamate art excitatory transmitter, they can each
be responsible for either excitation or inhibition of higher order cells via inhibitory
intemeurons (Bastian, 1993).
It has been demonstrated that many of the response properties of ELL neurons are

controlled by GABAergic systems. Application of the GABA-A antagonist bicuculline
to pyramidal cells in the ELL of a gymnotid affected both the temporal and spatial
properties of E- and I-type pyramidal cells (Shumway and Maler, 1989). Bastian (1993)
showed that pressure injections of L-glutamate into the ELL causes either excitation or
inhibition of ELL principal cells (pyramidal cells) in Apterontus leptorhynchus (a
gymnotid). These results suggest that excitatory and inhibitory responses result from
glutamate activation of pyramidal cells and inhibitory intemeurons, respectively. Bastian
(1993) also showed that GABA inhibits basilar and non-basilar pyramidal cells when
injected near the apical dendrites, and disinhibits them when injected close to surrounding
inhibitory intemeurons. This suggests the presence of GABA receptors on these cell
types.
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Inhibitory intemeurons within the cerebellar cortex and within the granule cell
layers of elasmobranchs are known to be GABAergic in general (Nicholson et al., 1994).
The stellate cells of the molecular layer are also GABAergic both in the cerebellar crest
of the skate descending octaval nucleus and the mammalian cerebellum.
A study by Wang and Maler (1994) showed that glutamate is present in the ELL
of the gymnotid, Apteronotus leptorhynchus. The ELL of this fish receives three distinct
excitatory inputs: primary afferents, direct feedback from the nPr, and indirect feedback
from nPr via the EGlp. A study by Heijmen et al., (1994) demonstrated that glutamate
may be the neurotransmitter between sensory electroreceptors and afferent fibers in

Ictalurus nebulosus.

CHAPTER2
Materials and Methods

Experimental animals
We used 13 channel catfish, Ictalurus punctatus, for the GABA studies and 5
catfish for the glutamate studies.

These fish were maintained in aquaria at 22-24 ° C.

Fish approximately 20 cm long and weighing between 45-75g were chosen at random
from three tanks.

Surgical Procedures
All of the procedures used in this study have been approved by the Loyola
University Animal Care and Use Committee. Individual juvenile channel catfish were
anesthetized with approximately 0.03% tricaine methanesulfonate (MS-222) and
transcardially perfused with O. lM phosphate buffer (pH 7.4) followed by 4%
glutaraldehyde in O. lM phosphate buffer. The brain was exposed by removing the
cranium and then removed and post-fixed in 4% glutaraldehyde and a 20% sucrose
solution for three to five hours. The brain was embedded in a 20 % sucrose gelatin and
fixed again for 3-5 hours in 4% glutaraldehyde and 20% sucrose solution. The brain was
then sectioned in the transverse plane at 34-40 microns using a freezing microtome. The
sections were washed three times in phosphate buffer and then reduced for 10 minutes
in a O. lM sodium borohydride solution.
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Immunohistochemistry

The sections were washed with phosphate buffer (pH 7.4) and incubated for 36-48
hours in a solution containing 99 % phosphate buffer, 1 % sodium azide solution and the
polyclonal primary antibody against GABA and glutamate (Chemicon, host rabbit) at a
dilution of 1:500 or 1: 1000.

Following incubation with the primary antibody, the

sections were washed again with the same phosphate buffer and reacted in a solution
containing the secondary antibody goat-anti-rabbit serum, 1 % goat serum, and 99%
phosphate buffer (pH 7.4) at a dilution of 1:200 for one hour. The sections were then
washed again and reacted with a solution of rabbit peroxidase-antiperoxidase (Rb PAP)
and phosphate buffer (pH 7.4) at a dilution of 1:500 for one hour. After washing with
phosphate buffer (pH 7.4) the sections were washed a final time with acetate buffer (pH
6). The antibody-substrate binding was visualized by reacting the sections with a solution
of acetate buffer (50 ml), nickel ammonium sulfate (lg.), and diaminobenzidine (DAB)
(10 mg.) as the chromogen. After one to two minutes, one ml of hydrogen peroxide was
added. The reaction was allowed to continue for approximately 3-15 minutes and was
carefully watched for reaction product.
A control for cross-reactivity of the secondary and tertiary antibodies was created
by omitting the primary antibody from the initial incubation and proceeding with the
secondary and tertiary antibodies. All other steps were held constant. The sections were
washed 5-10 times in acetate buffer, mounted onto chrome-alum subbed slides and lightly
counterstained with neutral red.
microscope.

The reaction product was visualized using a light
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Camera lucida drawings were created to depict the distribution of both GABAergic
and glutamatergic containing neurons in the electrosensory nuclei. Photomicrographs
were taken to document the material from which drawings were made.

CHAPTER 3
RESULTS

GABA- and glutamate-containing neurons were found in most nuclei of the
ascending lateral line electrosensory lemniscal systems of the catfish Ictalurus punctatus
(Table I). The nuclei examined were: the medullar electrosensory lateral line lobe and
the medial octavolateralis nucleus, the eminentia granularis, the nucleus praeeminentialis,
the midbrain' s torus semicircularis, the nucleus electrosensorius, and the lateral
preglomerular nucleus. All of these nuclei appear to contain GABA or glutamate except
for the cerebellar eminentia granularis.

Electrosensory Lateral Line Lobe and Medial Nucleus
The ELL is the primary medullary electrosensory nucleus and plays an important
role as the first stop for information en route to higher brain centers. Cells staining
positive for GABA and glutamate were seen in the ELL and in the adjacent first order
mechanosensory lateral line nucleus, the MON. Cells containing GABA were found in
the cell layer just deep to the large crest cell layer (Fig. 2). GABA-stained cells are
smaller than the larger crest cells, approximately 15-20 µm in diameter, and may be
inhibitory interneurons which make connections with type 1 crest cells in the crest cell
layers of both the ELL and the MON. These same cell types do not stain positive for
glutamate. Large pyramidally shaped crest cells, approximately 20-30 µm, and their
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apical dendrites (Fig. 3) just superficial to the GABA-containing intemeurons stained
positive for glutamate. It is difficult to determine whether these are type 1 or type 2
crest cells because basilar dendrites are not visible. It is possible that both types contain
glutamate.

In the ventral round cell layer of the ELL, round or ovoid shaped

commissural neurons, approximately 20-25 µm, also stained positive for GABA (Fig. 4).
The cells of this layer also demonstrated immunoreactivity to glutamate antibodies (Fig.
5), but staining was much less dense and less frequent than staining for GABA.
Descending parallel fibers from the nPr to the ventral molecular layer adjacent to
the crest cells of the ELL and MON also stained positive for GABA (Fig. 6). The fibers
appear to make connections with the apical dendrites of cells in the crest cell layers of
these nuclei. Finger (1986) has described parallel descending fibers that originate in the
nPr and form synapses on apical dendrites of crest cells in the ELL and MON. The cells
stained in Fig. 6 are probably those described by Finger (1986).
Nucleus Praeeminentialis
The nucleus praeeminentialis is important because it receives ascending input from
the ELL and serves as a relay station capable of directing information back to the ELL
via a direct or indirect pathway (Fig. 1).

Small ovoid shaped cells in the nPr,

approximately 7-10 µm in diameter, showed positive immunoreactivity to GABA and
glutamate (Figs. 7 and 8). The cells staining for both transmitters are approximately the
same size. However, glutamate-containing cells are distributed around the lateral border
of the nPr (Fig. 8), whereas GABAergic neurons are distributed throughout the entire
nucleus. This lateral border was seen in three of four cases.
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Torus Semicircularis
The midbrain's electroreceptive target is the torus semicircularis.

Here,

information is processed and sent on to the forebrain. Round or ovoid shaped cells in
the TS stained positive for both GABA and glutamate. The staining of both GABA- and
glutamaturgic cells was uniformly distributed throughout the entire nucleus. Again, the
cells staining for GABA and glutamate are approximately 5-10 µm in diameter and have
similar staining densities (Figs. 9 and 10).

Diencephalic Nuclei
Cells in the diencephalon 's nucleus electrosensorius (nE) and preglomerular nucleus
(PGl) showed immunoreactivity to GABA and glutamate. Cells in the PGl that stained
for GABA and glutamate measured approximately 5-10 µm and had similar staining
densities (Figs. 13 and 14). The cells in the nE with similar staining densities for both
transmitterswere were slightly larger, approximately 15-20 µm (Figs. 11 and 12). There
were no cells at any higher level in the telencephalon showing positive immuno-reactivity
to either GABA or glutamate.
Careful evaluation of large efferent neurons of the octavolateralis system,
approximately 30-40 µm in diameter, showed no positive staining for GABA but are
covered with GABAergic synapses from an undetermined source (Fig. 15).
Controls for cross reactivity showed no apparent staining of any cells at all,
verifying the specificity of the antibodies against both GABA and glutamate (Fig 16).

CHAPTER 4
DISCUSSION

The present study shows that neurons in the electrosensory system of the channel
catfish which contain GABA and glutamate are seen in almost all the major CNS nuclei,
including the ELL, nPr, TS, nE, and PGI. Only the EG showed no immunoreactivity to
either GABA or glutamate (Table I). The wide distribution of the inhibitory
neurotransmitter GABA in the electrosensory system indicates that sensory processing
probably depends on an interaction between excitatory and inhibitory influences.
Systems that process sensory information generally employ networks of feedback
or descending connections that modulate response properties of neurons and their
interactions in target nuclei (Bastian and Bratton, 1990). This descending control can
give great flexibility to a sensory system.

A system which possesses this type of

descending control over ascending information can have the ability to alter receptive field
size, change the sensitivity or gain of the system, and modulate dynamic features of
neuronal responses (Maler and Mugnaini, 1994).
The physiology of feedback mechanisms in the electrosensory system of a gymnotid
have been studied in some detail in Apteronotus leptorhynchus (e.g., Bastian, 1986a;
1986b; 1993, Bratton and Bastian, 1990; Bastian and Bratton, 1990). The first order
electrosensory processing region in the CNS is the electrosensory lateral line lobe (ELL).
22
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This nucleus receives massive descending inputs from the nucleus praeeminentialis (nPr)
as well as projections from the EG and primary afferents. The nPr receives its input from
the ELL as well as from higher brain centers, making the nPr an important part in a
feedback loop within the electrosensory system (Bastian and Bratton, 1990). Previous
studies have shown that both the direct (nPr to ELL) and indirect (nPr to EG to ELL)
projections from the nPr to the ELL must be intact for a gain control mechanism to
operate (Bastian, 1985). In the electrosensory system of the channel catfish, Finger
(1986) and Rayborn and New (1994) have shown that there are a number of possible
feedback and feedforward circuits present between the cerebellum and the ELL (Fig. 1).
These circuits may interact with each other in a similar manner to those in gymnotids.
Previous studies by Shumway and Maler (1989), Bastian (1993), Maler and
Mugnaini (1994), and Wang and Maler (1994) have shown that both GABA and
glutamate are present in the electrosensory system of weakly-electric gymnotids and play
crucial roles in the neuronal computation and gain control which shape and control
response properties of ascending information.
Since gymnotiforms and siluriforms are thought to be monophyletic (Lauder and
Liem, 1983), and catfish possess only the low-frequency ampullary organs which are
homologous to those of gymnotids (Bullock et al., 1982), it is possible and perhaps likely
that channel catfish employ similar processing mechanisms and utilize the same
neurotransmitters. The present results on the distribution of GABA and glutamate in the
channel catfish begins to address this question.

The relations between the present

anatomical results on catfish and what is known about both the anatomical and
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physiological organization of the electrosensory system in gymnotids are discussed in the
following sections.

Electrosensory Lateral Line Lobe (ELL)
The present results indicate that small neurons just deep to the crest cell layer of
the ELL contain GABA, while larger pyramidal shaped cells in the crest cell layer
contain glutamate (Figs. 2 and 3). These results on the channel catfish are consistent
with physiological and anatomical studies on the ELL in gymnotids. Recent anatomical
studies (Maler and Mugnaini, 1994; Wang and Maler, 1994) have shown that both
GABA- and glutamate-containing neurons are found in the ELL of the gymnotid,
Apteronotus leptorhynchus (Table II). Although the data for the highly laminated

gymnotid ELL are more detailed than the present data for the channel catfish, overall
similarities in the distributions of GABA and glutamate in these two taxa are evident.
Small GABAergic intemeurons that may inhibit the principal output cells are found in
the intermediate layer in both taxa. Also in both taxa, the large output cells in the
principal cell layer and round or spherical cells of the deep layer contain glutamate.
In neurophysiological experiments on cells of the ELL in Apteronotus
leptorhynchus, Bastian (1993) found responses to the local application of L-glutamate,

GABA, and their agonists and antagonists. Glutamate injected in the dorsal molecular
layer caused either excitation or inhibition of pyramidal cells depending on the exact site
of application. Bastian (1993) concluded that the excitatory responses resulted from direct
excitation of the pyramidal cells by glutamate, while pyramidal cell inhibition resulted
from the excitation of inhibitory intemeurons. GABA injected in the ELL also -produced
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excitation and inhibition. Inhibition presumably arose from the effect of GABA directly
on the apical dendrites of the pyramidal cells while excitation was hypothesized to arise
from the inhibition of inhibitory intemeurons (disinhibition). The application of the
GABA-A antagonist bicuculline in the pyramidal layer of the ELL affected both the
temporal and spatial properties of E- and I-type cells.

Both Bastian's (1993) and

Shumway and Maier's (1989) studies showed that a lesion of the EGp and a block of
GABAergic input to pyramidal cells reduces the gain control in E cells, thus indicating
that the descending control of gain is mediated in part by GABAergic inhibition of
pyramidal cells.
These physiological results are thus consistent with anatomical findings in
demonstrating that small, GABA-containing intemeurons probably inhibit glutamatecontaining pyramidal cells in the principal cell layer of the gymnotiform ELL. The
present anatomical results on the channel catfish indicate that the silurid and gymnotid
ELL share this fundamental functional organization.
It is very likely that the small, GABA-containing neurons in the intermediate layer

of the channel catfish ELL are the inhibitory intemeurons described by McCreery (1977)
that modulate type I crest cell responses in Ictalurus nebulosus.

The present study

suggests that a parallel organization exists in the MON as well, where similar GABAcontaining intemeurons were observed.
Round cells (probably commissural neurons) of the channel catfish ELL stained
positive for both GABA and, to a lesser extent, glutamate (Figs. 4 and 5). These
observations could result from the following possibilities: 1) Some round cells contain
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GABA and others contain glutamate, 2) Round cells are GABAergic but also may stain
for glutamate since glutamate is present in GABAergic cells as the precursor to GABA,
3) Antibodies for glutamate may bind to GABA as well, or vice versa. Although the
present results do not permit us to distinguish between these possibilities with confidence,
the last possibility (cross reactivity) seems least likely. Since principal output crest cells
stain for glutamate but not GABA, and surrounding small interneurons stain for GABA
but not glutamate it is clear that the methods used to visualize GABA and glutamate were
successful and that cross-reactivity did not occur, at least in these cases in the ELL.
These observations also make the second possibility unlikely since the small interneurons
present one case in which cells staining for GABA clearly do not stain for glutamate. The
first possibility, i.e., that there are both GABA-containing and glutamate-containing
round cells, seems possible. However, in the nonhomologous electrosensory system of
elasmobranch fishes, commissural connections between the medullary electrosensory
nuclei have been demonstrated to be inhibitory (New and Bodznick, 1990), and have
been shown to contain GABA (Duman and Bodznick, 1991).

Eminentia Granularis (EGp)
The EGp is thought to be an important component in a feedforward circuit that
receives direct, excitatory input from primary afferents (Fig. 1) and projects outputs to
the dorsal molecular layer of the ELL (Bratton and Bastian, 1990; Maler and Mugnaini,
1994). The activity of this circuit is presumably modulated by additional descending
inputs from the nucleus praeeminentialis (nPrd). The nPrd itself receives input from the
ascending outputs of ELL crest cells. The present results showed no GABA staining in
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the EGp, suggesting that this feedforward circuit is not inhibitory to the ELL. This is
consistent with the analysis by Maler and Mugnaini (1994) indicating that the EGp's
input to the ELL pyramidal cells is excitatory in gymnotids.
Nucleus Praeeminentialis (nPr)

The nPrd receives input from the pyramidal cells of the ELL in both gymnotids and
silurids (Tong, 1982; Bratton and Bastian, 1990), and may receive inputs from the torus
semicircularis of the midbrain in gymnotids as well (Bratton and Bastian, 1990). In
gymnotids, it has been observed that stellate cells of the nPrd project to the ELL as part
of an inhibitory feedback circuit (Bratton and Bastian, 1990), and that multipolar cells
project to the EGp (Bastian and Bratton, 1990) where the feedforward circuit (LLN to
EGp to ELL) is controlled. The axons of the neurons in the nucleus praeeminentialis in
catfish provide a descending pathway to the medullary crest cells via the cerebellar crest
as part of a feedback loop (Tong and Finger, 1983).
demonstrated

that

stimulation of nucleus

Physiological studies have

praeeminentialis

electrosensory signals (Scoma and New, 1993).

reduces

ascending

The present immunohistochemical

studies indicate that GABA and glutamate are present in the nPr and that GABA is
probably the neurotransmitter mediating this inhibition. Glutamate immunoreactivity is
more dense in the lateral edges of nPr forming an outer layer of glutamaturgic cells
(Figs. 7 and 8). Consistent with the generally inhibitory role of the nPrd in gymnotids,
the present results identified GABA-containing cells in the nPrd in the channel catfish.

28
Torus Semicircularis (TS)
In general the TS receives inputs from the ELL and projects to nuclei of the
diencephalon (and possibly also to the nPrd in gymnotids). It is likely that in all
vertebrates, the TS (or its mammalian homologue, the inferior colliculus) is a major
processing center for most ascending sensory information, and that the activity there
results from a balance between excitation and inhibition, some of which is GABAergic
(e.g., Pollack and Park, 1993). Experiments in the auditory inferior colliculus of the
mustache bat have demonstrated that GABAergic inhibitory synapses modify neural
responses to auditory stimuli (Pollak and Park, 1993). These experiments suggest that
GABAergic inhibition acts both to shape the frequency response properties of collicular
neurons to excitatory stimuli and to provide a regulated suppression of overall auditory
activity. It is possible that GABA-containing neurons in the torus semicircularis of the
catfish play a similar role in the processing of octavolateralis stimuli. The present results
are consistent with this general view in that GABA- and glutamate-containing neurons
were observed in the TS.

Peripheral Efferent Neurons
Flock and Russell (1973) have demonstrated that the peripheral efferent neurons
of the lateral line system are inhibitory, but that these neurons are cholinergic, not
GABAergic.

However, our data show these efferent neurons themselves appear to

receive an inhibitory GABAergic input from some unknown location.
It is important to realize that the electrosensory system likely utilizes many

different neurotransmitters.

GABA and glutamate are present throughout the
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electrosensory system of the channel catfish, but there are no data that confirm their sole
role in electroreception.

Shumway and Maler (1989) state that spatial and temporal

response properties of pyramidal cells in the gymnotid ELL appear to be regulated by
various interacting neuronal systems that probably use different neurotransmitters. They
go on to conclude that GABA plays an important role in the dynamic regulation of
response properties of sensory neurons. Studies by Maler and Mugnaini (1994) and
Wang and Maler (1994) show that GABA is present in cells in all layers of the ELL in
gymnotids and that glutamate is present in the ELL and is the neurotransmitter of all
major excitatory inputs to the ELL. Although the electrosensory systems of silurids and
gymnotids are thought to be monophyletic and the distributions of both GABA and
glutamate are similar, it is possible that these neurotransmitters do not play precisely the
same roles or have identical functions in the neuronal computation of electrosensory
information. More research in physiology and pharmacology has to be done to fully
understand the inhibitory and excitatory interaction among neurons of the electrosensory
system.

APPENDIX
FIGURES
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Figure 1.

Schematic diagram depicting the organization of the electrosensory system in the channel
catfish.

A.

The direct feedback loop begins with incoming information from the

electroreceptor via the lateral line nerves. This information is sent to the ELL and then
ascends to the TS.

Collaterals branch off from this projection to the nPrd and then

descend back on the ELL completing the loop. B. The indirect feedback mechanism is
the same as the direct until the point of the nPrd. From this nucleus cells synapse on the
EGp, cells from the EGp descend to the ELL thus completing the loop.

C.

The

feedforeward mechanism begins with the Lateral line nerve which projects directly to the
EGp, cells then descend from EGp and form synapses back on the ELL.
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Figure 2.

A. Cross sectional drawing of the brain at the medullar level, the insert represents the
location of photo in C.

B. Brain depicting level of cross section in A. C.

Photomicrograph of small interneurons just deep to the crest cell layers of the ELL and
MON which demonstrate positive immunoreactive staining for GABA.
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Figure 3.

A. Cross sectional drawing at level of the medulla, the insert depicts the location of the
photo in C. B. Brain represents level of the cross section in A. C. Photomicrograph
of crest cells which stain positive for glutamate in the crest cell layer of the ELL.
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Figure 4.

A. Cross sectional drawing of the medulla representing level of round cell layer in ELL.
The insert represents the location of photo in C. B. Brain depicting level of cross section
in A.

C.

Commissural neurons in the ELL demonstrate positive immunoreactive

staining for GABA.
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Figure 5.

A. Cross sectional drawing of the metencephalic nucleus the ELL, the box indicates the
location of the photo in C. B. Brain depicts the level of the cross section in A. C.
Photomicrograph of scattered glutamatergic labeled commissural neurons in the round
cell layer of the ELL.
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Figure 6.

A. Cross sectional drawing of the catfish brain at the level of the rostral medulla, the box
indicates location of the photo in C. B. Brain representing level of the cross section in
A. C. Descending parallel fibers originating in nucleus praeminentialis contain GABA
and form synaptic connections on the apical dendrites of crest cells in ELL and MON.
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Figure 7.

A. Cross sectional drawing at the level of the metencephalon showing the nucleus
praeminentialis. The insert represents the location of the photo in C. B. Brain depicting
the level of the cross section in A. C. Neurons in the nucleus praeminentialis provide
a source of parallel fibers that descend to the medullary octavolateralis nuclei. These
cells exhibit positive immunoreactive staining for GABA.
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Figure 8.

A. Cross sectional drawing at the level of the metencephalic nucleus the nPr, the insert
represents the location of the photo in C. B. Brain represents the level of the cross
section in A. C. Photomicrograph of cells which show positive immunoreactivity for
glutamate in the lateral edges of nPr.
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Figure 9.

A. Cross sectional drawing at the level of the mesencephalon, the region in the box
indicates the location of the photo in C. B. Brain depicting the level of cross section
in A.

C.

The torus semicircularis is the principal midbrain target of ascending

electrosensory, mechanosensory and octaval medullary axons. Round bodied cells which
stain positive for GABA are distributed throughout the entire torus semicircularis.
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Figure 10.

A. Cross sectional drawing at the level of the mesencephalic nucleus the TS, the box
represents the location of the photo in C. B. Brain indicates level of the cross section
in A.

C.

Photomicrograph of glutamaturgic neurons labeled in the midbrains

electroreceptive target the TS. Staining is spread evenly throughout this nucleus.
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Figure 11.

A. Cross sectional drawing at the level of the diencephalon, the region in the box
indicates the location of the photo in C. B. Brain depicts level of cross section in A.
C. Labeled neurons for GABA were found in the nE. The boundary of nE is shown by
the arrows in the photomicrograph.
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Figure 12.

A. Cross sectional drawing of the diencephalon, the box indicates the location of the
photo in C.

B. Brain representing the level of the cross section in A.

C.

Photomicrograph of glutamate labeled neurons in the nE. The boundary of nE is shown
by the arrows in the photomicrograph.
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Figure 13.

A. Cross sectional drawing of the diencephalon, the box represents the location of the
photo in C.

B.

Brain representing the level of the cross section in A.

Photomicrograph of cells containing GABA in the PGl.

C.
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Figure 14.

A.

Cross sectional drawing of the brain at the level of the diencephalon, the box

indicates the location of the photo in C. B. Brain depicting the level of the cross section
in A. C. Photomicrograph of glutamate filled neurons in the PGI.
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Figure 15.

A. Cross sectional drawing of the medulla, the insert represents the level of
photomicrograph below. Bis a cartoon of the catfish brain depicting the level of A. C.
Photomicrograph of neurons in the rostral efferent nucleus in the basal medulla.
Presynaptic fibers contain GABA and synapse on to the cells indicated by the arrows.
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Figure 16.

A. Cross sectional drawing at the level of the midbrain, insert represents the location of
the photo in C. B. Brain representing level of cross section in A. C. Photomicrograph
of torus semicircularis. This slide served as a control which was not reacted with the
primary antibody against glutamate, but was held under all other conditions listed in
materials and methods. No labeled cells are seen at all.
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TABLE 1
DISTRIBUTION OF GABA- AND GLUTAMATE-CONTAINING CELLS IN THE BRAIN OF THE
CHANNEL CATFISH

NUCLEUS

GABAergic CELLS

GLUT AMATergic CELLS

ELL/MON

15-20 µm intemeurons
20-25 µm round cells
Desc. parallel fibers

25-30 µm pyramidal cells
20-25 µm round cells

EG

No immunoreactivity

No immunoreactivity

nPr

7-10 µm ovoid cells

7-10 µm ovoid cells

TS

5-10 µm ovoid cells

5-10 µm ovoid cells

nE

15-20 µm ovoid cells

10-15 µm ovoid cells

PGI

5-10 µm ovoid cells

5-10 µm ovoid cells
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TABLE 2

DISTRIBUTION OF GABA AND GLUTAMATE IN CHANNEL CATFISH AND GYMNOTIDS

Siluriformes
MON
Ampullary
Molecular
Layer

Siluriformes
ELL
Ampullary
Descending parallel
fibers from nPr (GABA)

Gymnotiformes
ELL
Tuberous
Stellate cells (GABA)
Ventral ML cells
(GABA)

Principal Cell
Layer

Crest cells
(GLUT)

Pyramidal cells (GLUT)
Polymorphic cells
(GABA)
Efferent axons (GLUT)

Intermediate
Layer

Small
intemeurones
(GABA)

Small intemeurones
(GABA)

Type II granular cells
(GABA)
Granule cells (GLUT)
Ovoid cells (GABA)

Deep Layer

Round cells
(GABA and GLUT)

Multipolar cells
(GABA)
Spherical cells (GLUT)
Primary afferents
(GLUT)

Source:
Maler and Mugnaini (1994) - GABAergic data on the ELL of gymnotids.
Wang and Maler (1994) - Glutamatergic data on the ELL of gymnotids.
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